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of Mars" (NASA, 2013) . However, there are expected to be very few events large enough to be globally detectable during the nominal mission, with Teanby and Wookey (2011) and Teanby (2015) predicting around 1 globally detectable event 2.2 Seismo-acoustic characteristics of an airburst 87 A persistent challenge facing seismologists is the problem of distinguishing differ-88 ent source types using only information contained within the seismic trace (Dou-89 glas, 2013). This can be especially difficult with an airburst source, particularly 90 at large distances, since only a fraction of the blast energy is coupled into the 91 ground. There are a number of characteristic features, however, which, when ob-92 served collectively, can be taken to be diagnostic of an atmospheric airburst. The 93 terrestrial recordings are now used to characterise airburst events in both the time 94 and frequency domains. The presence of a direct airwave arrival is the most definitive evidence of an at-97 mospheric explosion having taken place. Figure 3 shows an example of the airwave 98 arrival from the Chelyabinsk superbolide. Airwaves typically manifest themselves 99 as low frequency late arrivals, that could potentially be confused with regular 100 surface waves. The key diagnostic of a direct airwave is an arrival with a group 101 velocity close to the speed of sound in air (or slower in the case of atmospheric 102 refractions). Positive identification will thus require an approximate event origin 103 time, based on P/S differential travel times for example. 104 Airwaves also result in significant atmospheric pressure variations, which have 105 the potential to be measured by InSight's pressure sensor. The pressure sensor's 106 primary goal is to allow pressure decorrelation to reduce seismic noise (Murdoch 107 et al., 2016) . It has a bandwidth of 0.01-1 Hz covering the seismic range, possibly 108 overlapping with the peak frequency of the largest airburst events. A simultaneous 109 detection on InSight's pressure sensor would provide excellent source discrimina-110 tion information, as a conventional marsquake would not produce an associated 111 pressure signal. However, with increasing distance from the source it becomes less 112 likely that this airwave will be observed. Atmospheric attenuation of sound is much 113 more severe on Mars than on Earth because CO 2 has very strong molecular absorp-114 tion at acoustic and sub-acoustic frequencies (Williams, 2001; Bass and Chambers, 115 2001; Petculescu and Lueptow, 2007) . Therefore, dissipation of the shockwave due 116 to atmospheric attenuation, particularly in the highly attenuating CO 2 -dominated 117 martian atmosphere (Chaisson and McMillan, 2005; Williams, 2001; Hanford and 118 Long, 2009), means that on Mars smaller airburst events will only be detectable 119 at local scales (100's of kilometres). This makes the conversion of energy into less 120 attenuating seismic waves all the more important. Energy coupled into the ground at the sub-terminal point will travel much further 123 than the direct airwaves, especially on Mars where the solid body seismic attenu-124 ation is expected to be much lower than for atmospheric sound propagation. The 125 characteristics of these seismic arrivals can provide evidence of an explosive source 126 in three main ways.
127
Firstly, the P/S amplitude ratio is always higher for explosions. Due to the 128 mechanism of air-ground coupling, very little shear force is coupled into the ground.
129 Figure 4 shows the relationship between P-wave and S-wave amplitudes from a series of earthquakes and subterranean nuclear test explosions compared to our criteria could therefore be used to reject potential airbursts, but cannot be used 139 to provide unambiguous detections.
140
Secondly, another diagnostic effect of the air to ground coupling mechanism is 141 the polarity of the first arrival ( Figure 5 ). The first motion recorded at every station 142 should theoretically be compressive, because the shockwave hitting the ground will 143 result in a compressive wave propagating in all directions. In reality, complicating 144 factors such as scattering or re-activation of regional fracture systems may induce 145 a rarefactional component. With a single station, we would expect approximately 146 half of the first arrivals from marsquakes to also have a compressive first motion.
147
So, again, this criteria can be used to reject potential airbursts but not provide 148 a definitive identification. The presence of noise may also make the first motion 149 difficult to uniquely determine (e.g. Douglas, 2013).
150
Finally, the energy from the airburst does not couple into the ground at a 151 single point (the sub-terminal point). In reality, the shockwave will couple into 152 the ground along a significant portion of the source-receiver path, leading to an 153 emergent pulse envelope shape. This is commonly observed in seismic recordings of 154 sonic booms from meteor entry and supersonic aircraft and may provide another 155 diagnostic feature of the first arrival seismic precursors. Knowledge of the source-receiver distance and frequency content of the seismic 158 signal observed from an airburst will allow the yield to be estimated using empirical 159 scaling relationships such as that proposed by Revelle (1997 corrected peak frequency is shown as a function of source-receiver distance in 181 Figure 7 . The trend of decreasing frequencies with increasing distance is clear.
182
The regression line can be used to estimate the peak airwave frequency at zero 183 offset, which can then be used in equation 1 to estimate the yield. The Oregon 184 bolide has an estimated source frequency f 0 =4-20 Hz, which implies a yield of 185 ≈0.2-50 kg TNT equivalent.
186
On Mars it will not be possible to use regression to calculate the source dom-187 inant frequency because only a single station will be available. An estimate will 188 be required instead, which could be based on modelled attenuation properties of 189 the martian atmosphere combined with an estimated source-receiver distance. A 190 significant amount of work is being carried out to try to understand the controlling 191 factors acting on the attenuation. In particular it has been shown that altitude, 192 source frequency, temperature structure, and prevailing wind direction all have 193 a significant impact (Brissaud et al., 2016; Garcia et al., 2016) . These, and sim-194 ilar studies will be of critical importance in our understanding of the effect of 195 attenuation.
196
The frequency-yield relationship is important because it could help us infer the 197 size-frequency distribution of the Mars impactor population from the statistical 198 proxy of small airburst events. In some cases it may also be possible to observe 199 airburst events from associated radial blast zones in orbital imagery -this way, 200 the location and approximate altitude will be known and observations of peak 201 frequency may be calibrated for distance. 
228
To map this source population to Mars we rescale the distribution as follows:
where v e =20.3 km s −1 is the mean impactor velocity for Earth (Brown et al. on its leading hemisphere. Stagnation pressure P s is given by:
where V B is bolide velocity and ρ atm is the atmospheric density (Hills and 281 Goda, 1993; Collins et al., 2005) . Atmospheric density ρ atm as a function of alti-282 tude z can be reasonably approximated using:
where H=11.1 km is the atmospheric scale height and ρ 0 =0.02 kg m −3 is the 284 surface atmospheric density (Williams, 2004b) . Throughout our analysis we neglect 285 the effects of ablation, which is a reasonable approximation for meteoroid velocities 286 of ∼10 km s −1 or less (Williams, 2004b) . In the absence of ablation, the bolide 287 velocity V B along its trajectory can be calculated using (Collins et al., 2005) :
where V 0 is the entry velocity, as the strength is exceeded at altitudes above 10 km for most small impactors. and subsequent airbursts would never be initiated. Based on the imaging results we 304 know that at least some airbursts do occur, suggesting that the effective strength 305 of bolides could in fact be much less than that measured in laboratory samples. Figure 4) , where derived strengths take values in the range 0.01-10 MPa 316 with no definitive trend. Therefore, our approach is to take a single representative 317 value for S bolide . We assume a material strength of S bolide =0.65 MPa, which was 318 found to provide a good match to martian crater clusters when used in atmo-319 spheric entry modelling by Williams et al. (2014) . Our assumed value of 0.65 MPa 320 is also consistent with measurements of the strength of fractured stony material, 321 which could be appropriate for chondritic bolide types (1.0MPa, Hoek (1983)).
322 Figure 9 shows the trajectories of various impactor sizes in terms of dynamic 323 pressure using the parameters in Table 2 . Figure 9 also shows typical bulk com- 
If I f is greater than 1, then little to no deformation will occur and the bolide 335 will impact the surface without having undergone any significant alteration. Con-336 versely, if I f is less than 1, significant deformation will occur. The altitude z def 337 where deformation begins can be calculated using:
The length scale over which this deformation occurs is given by l disp :
The dispersion diameter D disp of the bolide, i.e. the width of the pancake, at 340 a given altitude is then given by:
The criteria we use (after Collins et al. (2005) 356 Figure 10 shows the altitude where airbursts occur for a given incident energy.
357
In these calculations we assume representative values for entry angle (45 • ), im- we assume that the yield of the airburst is equal to the kinetic energy of the bolide 376 at the onset of deformation. This population contains a factor of three error from 377 the overall martian bolide population estimates, but also at least a further factor 378 of three error due to the uncertainty in bolide strength and the airburst process.
379
Therefore, we assume a factor of five uncertainty in these estimates. Nominally, we and at present relies on many poorly constrained processes. Our approach here is 393 to make order of magnitude estimates of the detection rates based on terrestrial 394 analogues for the seismic amplitude generated during atmospheric explosions.
395
Based on scaling relations derived by Gupta and Hartenberger (1981) , Brown which is travels) and is defined by:
where Z 0 is the impedance of the air and Z 1 is the impedance in the ground. 408 We take the impedance of air to be 4.8 Nsm −3 (calculated assuming a martian between the martian atmosphere and its unconsolidated regolith layer.
On Mars, we must account for additional attenuation by the CO 2 atmosphere.
415
Attenuation of sound waves occurs via viscous damping, thermal conduction, and 416 excitation and relaxation of molecular vibrations and rotational modes (Williams, 417 2001; Brissaud et al., 2016; Garcia et al., 2016) . The main contributor to absorption 418 on Mars is molecular relaxation. Here we use the approach outlined in Brissaud where β is defined such that the ground velocity predicted on Mars is the ground 428 velocity predicted on Earth multiplied by β. For our application β ranges from 429 ∼0.7 for the smallest high frequency airbursts, to ∼1 (negligible attenuation) for 430 the largest airburst events.
431
Equation 13 can now be modified for attenuation to determine the maximum 432 detection range x det for a given airburst yield:
where n v is the minimum detectable ground velocity, which is determined by the 434 ambient noise acceleration spectral density p a according to (Havskov and Alguacil,
:
where f 1 and f 2 are the bandwidth of the signal of interest. Based on the predicted 437 frequency content of the airbursts we set f 1 =0.1 Hz and f 2 =10 Hz. We use two 
The number of detectable airburst in each √ 2-width yield bin is then given by:
where n(Y ) is the airburst source population shown in Figure 10d , and is also 449 defined incrementally in √ 2 bins.
450
The overall estimated detection rates for each noise case are shown in Fig-451 ure 11f 2016)), but a corresponding impact crater is not observed. These might also be sites of aeolian activity, although the appearance of the dark areas is distinct; or a crater might exist, but be so small as to not be resolved by (Wilks, 2016) . Earthquakes were hand-picked and span a period of around 15 months. The traces had the instrument response deconvolved to give to velocity and were then integrated to displacement. P amplitudes were measured from the maximum peak-topeak amplitude between the P-onset and the S-onset while S amplitudes were measured from the maximum peak-to-peak amplitude within 2 seconds of the S arrival. Subterranean nuclear test data from Crocker (1952) . Airburst data are from the Oregon bolide and Chelyabinsk superbolide events. where the pancake criteria is met and the airburst occurs (za) for a range of bolide compositions including irons, carbonaceous chondrites, ordinary chondrites, and an "average" composition midway between ordinary and carbonaceous chondrites. Grey areas indicate energies where airburst formation is less favourable: meteoroids with energies above 1 kT TNT do not loose significant kinetic energy from drag during entry and deformation is slow enough that they impact the surface before the pancaking criteria is met; whereas for energies below 10 −5 kT TNT atmospheric drag reduces the velocity of the impactors so rapidly that the dynamic pressure never exceeds the material strength. (b) Equivalent bolide diameters assuming the densities in Table 2 
